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• Nuclear shadowing: suppression fA(x,µ2) < A fN(x,µ2) for small x < 0.005.  

• Important for QCD phenomenology of hard processes with nuclei: cold 
nuclear matter effects, gluon saturation (RHIC, LHC, EIC, LHeC/FCC) 

• fA(x,µ2) are determined from global QCD fits to data on fixed-target DIS, hard 
processes in dA (RHIC) and pA (LHC)  → fA(x,µ2) with significant uncertainties

Nuclear shadowing and nPDFs at small-x 
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0) was made as only one type of data sensitive to the large-x valence quarks
was included in these fits. Indeed, at large x, one can approximate
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which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[18]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
in the paper.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[18]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity.

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [26, 27]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [28]) in the use of different

parton-to-pion fragmentation functions (FFs) Dk→π+X(z,Q2) in the calculation of the inclusive
pion production cross sections

dσd+Au→π+X =
∑

i,j,k

fd
i ⊗ dσ̂ij→k ⊗ fAu

j ⊗Dk→π+X . (5)

4

Rg(x,Q
2) =

gA(x,Q2)

Agp(x,Q2)
Paukkunen, NPA 926 (2014) 24

shadowing

• pA@LHC data help little, EPPS16, Eskola, 
Paakkinen, Paukkunen, Salgado  EPJ C77 (2017) 163
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Fig. 9 The EPPS16 nuclear modifications for Carbon (leftmost columns) and Lead (rightmost columns) at the parametrization
scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The thick black curves correspond to the central fit S0 and the dotted curves to
the individual error sets S±

i [��2] of Eq. (52). The total uncertainties are shown as blue bands.

• Alternative: leading twist nuclear shadowing model, Frankfurt, Guzey, Strikman, Phys. Rept. 512 
(2012) 255



Gluon nuclear shadowing at EIC and LHeC  
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• In the future, gluon nuclear shadowing will be further 
constrained at EIC, Accardi et al, EPJ A52 (2016) no.9, 268; LHeC@CERN, 
LHEC Study Group, J. Phys. G39 (2012) 075001 due to wide Q2-x kinematic 
coverage, FLA(x,Q2) and F2charm(x,Q2) measurements:

high-energy scattering o↵ nuclei? One of the main predictions of saturation
physics is that the x-dependence of DIS cross-sections and structure functions, along
with other observables, is described by nonlinear evolution equations. Discovery of the
saturation regime would not be complete without unambiguous experimental evidence
in favor of these nonlinear equations.

• What is the momentum distribution of gluons and sea quarks in nuclei?
What is the spatial distribution of gluons and sea quarks in nuclei? The
physics of multiple rescatterings at larger-x, along with, if found, parton saturation,
would allow us to reconstruct the momentum and impact parameter distributions of
gluons and sea quarks in nuclei. At small-x the transverse momentum distribution
may allow us to identify the saturation scale Qs.

• Are there strong color (quark and gluon density) fluctuations inside a
large nucleus? How does the nucleus respond to the propagation of a
color charge through it? Our understanding of the spatial and momentum space
distributions of quarks and gluons inside the nuclei would not be complete without
studying their fluctuations. The typical size of color fluctuations can be measured
by sending a quark probe through the nucleus. Conversion of the quark probe into
a hadron (hadronization) may be a↵ected by the nuclear environment, giving us a
chance at a better understanding of the process.
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Figure 3.1: The kinematic acceptance in x and Q
2 of completed lepton-nucleus (DIS) and

Drell-Yan (DY) experiments (all fixed target) compared to EIC energies. The acceptance bands
for the EIC are defined by Q

2 = x y s with 0.01  y  0.95 and values of s shown.
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Aschenauer, Fazio, Lamont, Paukkunen, Zurita, PRD 96 (2017) no.11, 114005

Hatched: baseline fit 
Blue: EIC inclusive 
Black error: EIC inclusive + charm
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FIG. 13. As Figure 12 but at Q2 = 10GeV2.
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aspect of this new accelerator complex is to match the
high performance of a collider with a specially designed
and built comprehensive DIS-specific detector in order
to control systematic e↵ects. The detector requirements
come directly from the broad EIC science case. Some of
the key capabilities such a detector must have are:

• Hermetic coverage in a wide pseudo-rapidity

range: ⇠ |⌘|  4

• Good scattered lepton identification and mo-

mentum resolution: in almost all cases, the DIS
kinematics (x and Q2) of the collision are most ac-
curately calculated from the scattered electron [28].
Therefore, in order to measure these quantities as
precisely as possible, an excellent particle identi-
fication as well as momentum, angular resolution
and good energy resolution at very backward ra-
pidities are required for the scattered lepton.

• Good hadronic particle identification: for
semi-inclusive measurements, one is also interested
in identifying the hadrons produced coincidently
with the scattered lepton in the collisions. There
are various techniques, which can be utilized to
identify protons, pions and kaons at di↵erent mo-
mentum intervals. At low momenta, these can
be identified through their specific ionization (or
dE/dx) in a time projection chamber (TPC). At
higher momenta, Cherenkov detectors are most
widely used.

• Good secondary vertex resolution: for mea-
surements which involve heavy quarks (charm, bot-
tom) a high resolution µ-vertex detector is essential
in order to reconstruct the displaced vertices of the
heavy-quark hadrons produced.

• High resolution and wide acceptance for-

ward instrumentation: a Roman-pot spectrom-
eter with almost 100% acceptance and a wide cov-
erage in scattered proton four-momentum is cru-
cial for studies of di↵ractive physics in e�+p and
e�+A collisions. Furthermore, for e�+A collisions,
a zero-degree calorimeter (ZDC) with su�cient ac-
ceptance is a key feature vetoing on the nucleus
break-up and determining the impact parameter of
the collision [29].

III. REDUCED CROSS SECTION AND
LONGITUDINAL STRUCTURE FUNCTION

The inclusive DIS process is a hard interaction between
a lepton and a nucleon, in which the latter breaks up,
the invariant mass of the hadronic final state being much
larger than the nucleon mass. This is depicted in the left
diagram of Figure 2. All the relevant kinematic variables
that describe the interaction are defined in Table I.

N, A
GN,A(x)

xg

c

x, Q2
e

eʹ

c

FIG. 2. Left : A depiction of inclusive DIS. Right : cc̄ produc-
tion through photon-gluon fusion.

TABLE I. Relevant kinematical variables in a DIS process.

Variable Description
⌘ pseudo-rapidity of particle
x fraction of the nucleon momentum

carried by the struck parton
y inelasticity, fraction of the lepton’s energy lost

in the nucleon rest frame.p
s center-of-mass energy

Q2 squared momentum transferred to the lepton,
equal to the virtuality of the exchanged photon
Note the relation Q2 ⇡ xys.

The direct observable used for constraining the nPDF
is the cross section (�), which is customarily expressed
as a dimensionless quantity known as “reduced” cross
section �r, defined as

�r ⌘

✓
d2�

dxdQ2

◆
xQ4

2⇡↵2
em[1 + (1� y)2]

, (1)

where ↵em is the QED fine-structure constant. At small
x, the reduced cross section can be approximately ex-
pressed in terms of the structure function F2 and the
longitudinal structure function FL as

�r = F2(x,Q
2)�

y2

1 + (1� y)2
FL(x,Q

2). (2)

While F2 is sensitive to the momentum distributions
of (anti)quarks, and to gluons mainly through scaling vi-
olations, FL has a larger direct contribution from gluons
[30]. In most of the kinematical space covered by the
old fixed-target DIS experiments, �r is dominated by F2,
to the extent that the older data were presented solely
in terms of F2, largely disregarding FL. Therefore the
information on FL and, consequently, the direct access
to the nuclear gluon are not currently available. At an
EIC, the high luminosity and wide kinematic reach will
enable the direct extraction of FL and thereby more in-
formation on the behaviour of the nuclear gluons can be
obtained. In addition, an EIC will o↵er possibilities to
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Ultraperipheral collisions 
• Ultraperipheral collisions (UPCs): ions interact at large impact parameters   
b >> RA+RB  → strong interaction suppressed → interaction via quasi-real 
photons, Fermi (1924), von Weizsäcker; Williams (1934)

- UPCs correspond to empty detector with only two lepton/pion 
tracks from vector meson decay 

- Nuclear coherence by veto on neutron production by Zero 
Degree Calorimeters (ZDCs) and selection of small pt 
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Figure 2: Three types of processes that can be used to study the gluon distributions in nuclei at small x in
UPCs: (a) inclusive photoproduction of two jets with large transverse momenta gives access to the usual gluon
PDF; (b) diffractive productions of two jets gives access to the diffractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

0)/[AgN (x,Q2
0)]. (Right) The ratio of the gluon impact-parameter-dependent distribution in 208Pb to

the gluon distribution in the free proton, gA(x,Q2
0, b)/[ATA(b)gN (x,Q2

0)], as a function of the impact parameter
b; TA(b) is the nucleon density.

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of
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Photon flux from QED:  
- high intensity ~ Z2 
- high photon energy ~ 𝛾L

Photoproduction 
cross section

= J/𝜓 rapidity

d�AA!AAJ/ (y)

dy
= N�/A(y)��A!AJ/ (y) +N�/A(�y)��A!AJ/ (�y)

• Coherent photoproduction of vector mesons in UPCs:                                        

UPCs@LHC = 𝛾p and 𝛾A interactions at unprecedentedly large 
energies, Baltz et al., The Physics of Ultraperipheral Collisions at the LHC, Phys. Rept. 480 (2008) 1

y = ln[W 2/(2�LmNMV )]



 UPCs at the LHC  
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• To probe partonic structure of (nuclear) targets, one selects UPC processes 
with a hard scale → heavy vector meson mass or jet pT 

- Run1: photoproductuon of quarkonia J/𝜓, 𝜓(2S) in:                                              
Pb-Pb UPCs, [ALICE] Abelev et al. PLB 718 (2013) 1273; Abbas et al., EPJ C 73 (2013) 2617; Adam et al, PLB 
751 (2015) 358; [CMS] PLB 772 (2017) 489,                                                                                                                      
p-Pb UPCs, [ALICE] Abelev et al., PRL 113 (2014) 232504,                                                            
pp UPCs, [LHCb], Aaij et al, J. Phys. G 40 (2013) 045001; J. Phys. G 41 (2014) 055002 
- Photoproduction of bottomonia Y(1S,2S,3S) in pp UPCs, [LHCb], Aaij et al, JHEP 1509 (2015) 
084, and pA UPCs, [CMS], Chudasama et al, PoS ICPAQGP 2015 (2017) 042 [arXiv:1607.00786 [hep-ex]] 

- Also photoproduction of ρ, [ALICE] Adam et al. JHEP 1509 (2015) 095 → soft nuclear shadowing  

- Run 2: quarkonia, Kryshen, arXiv:1705.06872; Klein, arXiv:1704.04715, dijets, ATLAS-CONF-2017-011
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PDF; (b) diffractive productions of two jets gives access to the diffractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Exclusive J/𝜓 photoproduction Inclusive dijet photoproduction

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Rapidity 
gap

No rapidity 
gap

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

Figure 1: Diagrams representing di�erent types of leading-order contributions to dijet production in high-energy
photo-nuclear collisions. The left diagram represents the direct contribution in which the photon itself participates
in the hard scattering. The right diagram represents the “resolved” contribution in which virtual excitations of the
photon, into a state involving at least a qq̄ pair and possibly multiple gluons, participates in the hard scattering in
the target nucleus.

The simplest picture of a photo-nuclear reaction is “direct” photo-production. This process, depicted in
the left panel of Fig. 1, occurs when the photon acts like a point-like object interacting with the partons
in the other nucleus. However, “resolved” processes may also occur in which virtual excitations of the
photon may also be probed by the hard interaction in which case the photon serves as a source of partons.
In this contribution, depicted in the right panel of Fig. 1, only a fraction of the photon’s four-momentum
contributes to the hard scattering. Hard photo-production was studied extensively at HERA, where the
interplay between the direct and resolved contributions was exploited to study the partonic structure of
both the proton and the photon [15, 16].

As neither type of process involves the exchange of color with the photon-emitting nucleus, no significant
particle production is expected in the rapidity region between the dijet system and that nucleus. Thus a
rapidity gap is expected, and a requirement of a minimum rapidity gap may be used to separate photo-
nuclear events from hadronic Pb+Pb collisions. The gap is expected to be smaller in resolved photon
events due to the additional particle production associated with the “photon-remnant”. This was also
studied at HERA [17], and these measurements provide important experimental input into the modeling
of resolved photon processes by event generators.

The photon-emitting nucleus is also expected to produce few or no neutrons because the photon flux is
largest for momenta in the range where they couple to the entire nucleus. The emission of such photons
is not expected to excite the nucleus. Thus a combination of a rapidity gap and zero neutrons in the same
direction provide straightforward criteria to identify these events experimentally. However, additional soft
photon exchanges during the ultra-peripheral collision can cause the photon-emitting nucleus to be excited
into low-lying states where it may emit a small number of evaporation neutrons and a measurement must
either correct for this e�ect or be compared to a theoretical model that includes it.

This note presents a measurement of photo-nuclear jet production cross-sections in Pb+Pb collisions
at a per nucleon center-of-mass energy of psNN = 5.02 TeV, recorded in 2015. Photo-nuclear events
are identified by requirements on the number of neutrons in the acceptance of the ATLAS zero degree
calorimeters and the presence of rapidity gaps in the main detector. Specifically, events are required to

3

direct photon resolved photon



d��T!J/ T (W, t = 0)

dt
= C(µ2)

⇥
xGT (x, µ

2)
⇤2

x =
M2

J/ 

W 2
, µ2 = MJ/ /4 = 2.4 GeV2 C(µ2) = M3

J/ �ee⇡
3↵s(µ

2)/(48↵emµ8)
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Exclusive charmonium photoproduction  
• In leading logarithmic approximation (LLA) of pQCD and non-relativistic 
approximation for charmonium wave function (J/𝜓, 𝜓(2S)), Ryskin, Z. Phys. C57 (1993) 89

Z. Phys. C 57, 89-92 (1993) 
Zeitschrift P a r t i c ~  fur Physik C 

 9 Springer-Verlag 1993 

Diffractive J/ P electroproduction in LLA QCD 
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Abstract. Cross section of diffractive J / ~  production in 
deep inelastic scattering in the Born and the leading-log 
approximations of perturbative QCD are calculated. 

I Introduction 

The process of J /7  j electroproduction arouses interest 
due to two reasons. First, it can be calculated within the 
perturbative QCD and second, its cross section is propor- 
tional to the gluon structure function. So, it is a good way 
to study the gluon distribution inside a proton [1, 2]. 

In the reactions of heavy-quark photoproduction 7N--, 
c6X, a popular approach is the "photon-gluon fusion" 
mechanism [3, 1, 4, 5] based on the subprocess 7g~cd. 
The amplitude and cross section of inelastic J~ 7 J produc- 
tion via the same mechanism was calculated in [6] and 
then discussed in [7]. This approach has been called [5] 
diffractive J~ 7 j production, as (in the first approximation) 
the cross section does not depend on energy and there is 
no flavour exchange. Strictly speaking, this is not a true 
diffractive process. There is a colour exchange in this case 
due to the colour of the gluon content in the target; as 

da 
a consequence, the inclusive J/qJ cross section ~zz ~const .  

at z ~  1, instead of the &(1 - z )  or 1/(1 - z )  behaviours that 
are usual for diffractive processes (z is the part of photon 
momenta carried away by the J /7  J meson). 

The goal of this paper is to consider the exclusive (in 
some sense elastic) diffractive J / ~  electroproduction that 
is described by the exchange of a colourless two-gluon 
system*; in the Born approximation by the diagrams in 
Fig. 1. In the leading-log approximation (LLA), instead of 
the simple two-gluon "pomeron" [9], one has to use the 
whole system of LLA ladder diagrams; for t -- 0 this repro- 
duces exactly the gluon structure function ~G(Y, ~2). 

* The model for elastic and diffractive J/~ production based on 
vector meson dominance and pomeron exchange was considered 
recently in [8]. 

Thus, our amplitude is proportional to ~G(Y, ~2) and the 
exclusive diffractive cross sec t ion- to  the square of the 
gluon structure function. Due to this fact, the reaction 
7*+N--*J/Tt+N feels the variation of 2G(Y, ~2) better 
than the inclusive J/~t' cross section, which depends on 
YG(Y, ~2) only linearly. Therefore, this process is one of 
the best ways to measure the role of absorptive correc- 
tions (pomeron cuts contributions) and to observe the 
saturation of gluon density predicted in the frame-work of 
perturbative QCD in 1-10]. 

In Sect. 2 we calculate the amplitude of diffractive J / 7  j 
photoproduction. In Sect. 3 we discuss the spin structure 
of this amplitude and correspondingly the distribution in 
azimuthal angle. In Sect. 4 the numerical estimates of the 
single and double diffractive dissociation cross sections 
are given. 

2 Amplitude of ~,* +p--,J/W+p 

The Born amplitude of 7*+p--*J/~+p reaction is de- 
scribed by the sum of the two diagrams in Fig. 1. As the 
binding energy of S-wave e6-quarks J / 7  J system is small 
(much less than the charm quark mass me= m), one can 
follow I-6] and use the nonrelativistic approximation, 
writing the product of two propagators (k and k' in Fig. 1) 
and the J / 7  J vertex (i.e. J / 7  J wave function integrated 
over the relative momenta of c6^quarks k = k '  in J / 7  J 
rest-frame system) in the form g(k+m)Tu. The constant 

~ 7  

l +  

qJ 
k 

a b 

Fig. la, b. Feynman diagrams for diffractive J/7 J production 
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• Beyond LLA and NR approximation for charmonium: 
- kT-factorization, Ryskin, Roberts, Martin, Levin, Z. Phys. C76 (1997) 231; Martin, Nockles, Ryskin, Teubner, PLB 
662 (2008) 252; Jones, Martin, Ryskin, Teubner, JHEP 1311 (2013) 085: gluon and quark kT → additional 
suppression by factor 1/2; some NLO effects using unintegrated g(x,kT) reducing to NLO g(x,µ2) + 
skewness factor to relate GPDs and PDFs → successful LO and NLO pQCD description of HERA and 
LHCb data on charmonium photoproduction 

-kT-factorization, Cisek, Schafer, Szczurek, JHEP 1504 (2014) 159: unintegrated gluon distribution with 
saturation seems to be somewhat preferred by LHCb data on J/𝜓 photoproduction 

- color dipole model framework, Frankfurt, Koepf, Strikman (1998): relativistic effects in charmonium wf 
are very important; gluon virtualities are much higher than in NR case; Goncalves, Machado 2008-present; 
Lappi, Mäntysaari (2013): dipole cross section with/without saturation; large dependence on charmonium 
wf; phenomenological description of HERA and UPC data for proton. For Pb targets, nuclear 
suppression due to shadowing is generally underestimated. 
- Collinear factorization at NLO, Ivanov, Schaefer, Szymanowski, Krasnikov (2015); Jones, Martin, Ryskin, 
Teuber (2015): large ~200% NLO corrections and scale dependence
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Coherent charmonium photoproduction on nuclei   
• Application to nuclear targets:

Small correction kA/N ≈ 0.90-95 due to 
different skewnesses of nuclear and 
nucleon GPDs

From HERA and LHCb

�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear 
form factor

• Nuclear suppression factor S (like RpA or RAA)  → direct access to Rg

Nucleus/proton 
gluon ratio Rg

S(W�p) =

"
��Pb!J/ Pb

�IA
�Pb!J/ Pb

#1/2

= A/N
GA(x, µ2)

AGN (x, µ2)
= A/NRg

Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290,  
Guzey, Zhalov, JHEP 1310 (2013) 207

• Well-defined impulse approximation (IA):

�IA
�A!J/ A(W�p) =

d��p!J/ p(W�p, t = 0)

dt
�A(tmin)

Model-independently from data on 
UPC@LHC (ALICE, CMS) and HERA, 
LHCb Abelev et al. [ALICE], PLB718 (2013) 1273; 
Abbas et al. [ALICE], EPJ C 73 (2013) 2617; [CMS] 
PLB 772 (2017) 489

From global QCD fits of nPDFs or leading 
twist nuclear shadowing model

��A!J/ A(W�p) = 2
A/N

d��p!J/ p(W�p, t = 0)

dt


GA(x, µ2)

AGN (x, µ2)

�2
�A(tmin)
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SPb from ALICE and CMS UPC data vs. theory 

• Good agreement with ALICE data on coherent J/𝜓 photoproduction in Pb-Pb 
UPCs@2.76 TeV  → direct evidence of large gluon NS, Rg(x=0.001) ≈ 0.6. 

• Also good description using central value of EPS09, EPPS16, large uncertainty. 

• Color dipole models generally give too little suppression, Goncalves, Machado (2011); Lappi, 

Mäntysaari, 2013, but proton shape fluctuations help, Mäntysaari, Schenke, PLB 772 (2017) 681

LTA: Guzey, Zhalov JHEP 1310 (2013) 207 
EPS09: Eskola, Paukkunen, Salgado, JHEP 
0904 (2009) 065 
HKN07: Hirai, Kumano, Nagai, PRC 76 (2007) 
065207 
nDS: de Florian, Sassot, PRD 69 (2004) 074028 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• J/𝜓 photoproduction in Pb-Pb UPCs at LHC, Abelev et al. [ALICE], PLB718 (2013) 1273;            

Abbas et al. [ALICE], EPJ C 73 (2013) 2617; CMS Collab., PLB 772 (2017) 489 → suppression factor SPb

µ2=3 GeV2
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Theoretical issues: collinear factorization  
• Ryskin’s formula is derived in leading αs ln(1/x) lnQ2 approx.+ NR approx. for 
charmonium wf (charm quarks have kT=0, z=1/2, J/𝜓 via its J/𝜓 → e+e- decay)  

• Electroproduction of J/𝜓 in leading αs ln(1/x) lnQ2 approx., Brodsky, Frankfurt, Gunion, 

Mueller, Strikman, PRD50 (1994) 3134: answer in terms of xg(x,µ2) and J/𝜓 distribution amplitude 

• Collinear factorization for hard exclusive processes, Collins, Frankfurt, Strikman, PRD56 

(1997) 2982, and its application to  J/𝜓 photoproduction at NLO, Ivanov, Schaefer, 
Szymanowski, Krasnikov, EPJ C34 (2004)  297; EPJ C75 (2015) 75; Jones, Martin, Ryskin, Teuber, EPJ C 76 (2015) 633

−q2

q1

Ag(x1)

F g(x1)
p p′

x2p+x1p+

K
⟨O1⟩V

q

Figure 1: Kinematics of heavy vector meson photoproduction.

Here the indices i, j parametrize the color state of the pair, and the vector eV describes the
polarization of the produced vector meson, (eV e∗V ) = −1 and (KeV ) = 0.

Collinear factorization states that to leading twist accuracy, i.e. neglecting the contribu-
tions which are suppressed by powers of 1/m, the amplitude can be calculated in the form
suggested by Fig. 1:

M =

(

⟨O1⟩V
m

)1/2
∑

p=g,q,q̄

1
∫

0

dx1A
p
H(x1, µ

2
F )F

p
ζ (x1, t, µ

2
F ) . (2.10)

Here Fp
ζ (x1, µ2

F ) is the gluon or quark GPD in Radyushkin’s notation [12]; x1 and x2 = x1−ζ
are the plus momentum fractions of the emitted and the absorbed partons, respectively.
Ap

H(x1, µ2
F ) is the hard-scattering amplitude and µF is the (collinear) factorization scale. By

definition, GPDs only involve small transverse momenta, k⊥ < µF , and the hard-scattering
amplitude is calculated neglecting the parton transverse momenta. Since quarkonium con-
sists of heavy quarks, it can by produced in LO only by gluon exchange. The Feynman
diagrams which describe the LO gluon hard-scattering amplitude are shown in Fig. 2. The
contribution of the light quark exchange to quarkonium photoproduction starts in collinear
factorization at NLO, it is shown in Fig. 3. Since in this paper we consider the leading
helicity non-flip amplitude, in eq. (2.10) the hard-scattering amplitudes Ap

H(x1, µ2
F ) do not

depend on t. The account of this dependence would lead to the power suppressed, ∼ t/m,
contribution.

The momentum fraction x1, 0 ≤ x1 ≤ 1, is defined with respect to the momentum of
the incoming proton. It is convenient to introduce the variable x, −1 ≤ x ≤ 1, which
parametrizes parton momenta with respect to the symmetric momentum P = (p + p′)/2.
The relation between the different variables is

x1 =
x+ ξ

1 + ξ
, x2 =

x− ξ

1 + ξ
. (2.11)

5

• Amplitude = convolution of generalized parton 
distributions (GPDs) with hard coefficients 
• Information on J/𝜓 via NR matrix element 
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polarization of the produced vector meson, (eV e∗V ) = −1 and (KeV ) = 0.

Collinear factorization states that to leading twist accuracy, i.e. neglecting the contribu-
tions which are suppressed by powers of 1/m, the amplitude can be calculated in the form
suggested by Fig. 1:

M =

(

⟨O1⟩V
m
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∑
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1
∫

0

dx1A
p
H(x1, µ

2
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p
ζ (x1, t, µ

2
F ) . (2.10)

Here Fp
ζ (x1, µ2

F ) is the gluon or quark GPD in Radyushkin’s notation [12]; x1 and x2 = x1−ζ
are the plus momentum fractions of the emitted and the absorbed partons, respectively.
Ap

H(x1, µ2
F ) is the hard-scattering amplitude and µF is the (collinear) factorization scale. By

definition, GPDs only involve small transverse momenta, k⊥ < µF , and the hard-scattering
amplitude is calculated neglecting the parton transverse momenta. Since quarkonium con-
sists of heavy quarks, it can by produced in LO only by gluon exchange. The Feynman
diagrams which describe the LO gluon hard-scattering amplitude are shown in Fig. 2. The
contribution of the light quark exchange to quarkonium photoproduction starts in collinear
factorization at NLO, it is shown in Fig. 3. Since in this paper we consider the leading
helicity non-flip amplitude, in eq. (2.10) the hard-scattering amplitudes Ap

H(x1, µ2
F ) do not

depend on t. The account of this dependence would lead to the power suppressed, ∼ t/m,
contribution.

The momentum fraction x1, 0 ≤ x1 ≤ 1, is defined with respect to the momentum of
the incoming proton. It is convenient to introduce the variable x, −1 ≤ x ≤ 1, which
parametrizes parton momenta with respect to the symmetric momentum P = (p + p′)/2.
The relation between the different variables is

x1 =
x+ ξ

1 + ξ
, x2 =

x− ξ

1 + ξ
. (2.11)

5

• NLO corrections and scale dependence are very large, ~200% in HERA 
kinematics → problematic to build successful phenomenology, Ivanov, Schaefer, 
Szymanowski, Krasnikov, EPJ C75 (2015) 75 



Our phenomenological approach 
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•  In our approach, Guzey, Zhalov, JHEP 1310 (2013) 207, we took Ryskin’s formula at face 
value, chose µ2=3 GeV2 to fit W-dependence of HERA data on 𝛾+p → J/𝜓+p, 
and corrected it by skewness and real part → describe well W-dependence of 
HERA, LHCb data, but overestimate normalization by factor of two. 

•  Indication of magnitude of corrections? Ryskin, Roberts, Martin, Levin, Z. Phys. C76 (1997) 231   

•  Our approach is equivalent to collinear factorization at LO:

M = �8⇡↵secg(✏⇤V · ✏�)
mc

Z 1

�1
dx

F g(x, ⇠, t, µ2)

(x� ⇠ + i✏)(x+ ⇠ � i✏)

•  At LO, the imaginary part probes the most skewed situation, when GPDs are 
far from PDFs. The connection is model-dependent and based on forward 
input for DGLAP evolution for GPDs, Shuvaev, Golec-Biernat, Martin, Ryskin, PRD 60 (1999) 014015

(x+ ⇠)P̄ (x� ⇠)P̄

(1 + ⇠)P̄ (1� ⇠)P̄

F g(x, ⇠) F⇣(X)

Xp (X � ⇣)p

p p(1� ⇣)

Figure 7: Momentum fractions in the definition of GPDs: the symmetric Ji notation [13] (left) and the
notation of Radyushkin [14] (right).

the P̄ direction. The averaging and summation over colors is assumed. Taking that � = �2⇠P̄ +�?,
the initial and final proton have the momenta p = (1 + ⇠)P̄ and p0 = (1 � ⇠)P̄ +�?, respectively. The
momentum fractions used in Eq. (66) are shown in Fig. 7 (left).
In pQCD calculations, one needs the matrix element of the gluon fields and not that of the field tensor.
However, in the light-cone gauge (nA) = 0, one has n↵G↵µ = n↵@↵Aµ and n�G�

µ = �n�@�Aµ. It allows
one to rewrite Eq. (66) in the following form:

F g(x, ⇠, t)

(x+ ⇠ � i✏)(x� ⇠ + i✏)
= �

Z
d�

2⇡
eix(P̄ z)

hp0|Aµ
⇣
�
z

2

⌘
Aµ

⇣z
2

⌘
|pi|z=�n . (67)

Finally, since Aµ is transverse to both P̄ and n, Eq. (67) can be equivalently rewritten as [10, 17] (ignoring
color factors):

Z
d�

2⇡
eix(P̄ z)

hp0|A⇢

⇣
�
z

2

⌘
A�

⇣z
2

⌘
|pi|z=�n =

 
�
g?⇢�
2

!
F g(x, ⇠, t)

(x+ ⇠ � i✏)(x� ⇠ + i✏)
. (68)

This relation was used in the derivation of Eq. (63).
For completeness and convenience of comparison to the alternative representation of GPDs, Eq. (68) can
be reversed to obtain:

hp0|A⇢

⇣
�
z

2

⌘
A�

⇣z
2

⌘
|pi|z=�n =

 
�
g?⇢�
2

!Z 1

�1
dxe�ix(zP̄ ) F g(x, ⇠, t)

(x+ ⇠ � i✏)(x� ⇠ + i✏)
. (69)

Historically in the GPD literature there are two types of parametrizations of GPDs due to Ji [13] and
Radyushin [14], respectively, which di↵er by choice of the light-cone vectors and the momentum fractions
in the argument of GPDs. In the notation of Radyushin, the light-cone vector p is along the momentum
of the initial proton and the gluon carry the momentum fractions X and X � ⇣, where �+ = �⇣p, see
Fig. 7 (right).
In the notation of Radyushin, the matrix elements of two gluon fields on the light-cone between the proton
states with non-equal momenta reads [12] (I introduced an additional factor of 1/2 in the right-hand side
for the consistent normalization):

hp+�|A⇢

✓
�
z�

2

◆
A�

✓
z�

2

◆
|pi =

p
1� ⇣

 
�
g?⇢�
2

!Z 1

0
dX

h
ei(X�⇣/2)p+z�

+ e�i(X�⇣/2)p+z�
i F

g
⇣ (X, t)

X(X � ⇣ + i✏)
.

(70)
Substituting Eq. (70) in Eq. (68), we find the connection between the two notations of the gluon GPD
(see also Ref. [18]):

F g(x, ⇠) =
p

1� ⇣(1 + ⇠)
h
F

g
⇣ (X)✓(0 < X < 1) + F

g
⇣ (⇣ �X)✓(�1 + ⇣ < X < ⇣)

i
. (71)

The momentum fractions used in Eq. (71) are related as follows:

x =
X � ⇣/2

1� ⇣/2
, ⇠ =

⇣/2

1� ⇣/2
,

X =
x+ ⇠

1 + ⇠
, ⇣ =

2⇠

1 + ⇠
. (72)
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x1.~Q21Mqq̄
2

!/W2@x2 , ~27!

where W is the center-of-mass energy of the proton and the
photon of virtuality Q2. A common approximation is to de-
scribe the process in terms of the diagonal gluon x1g(x1),
sampled at x15x1j . In this case the inclusion of off-
diagonal effects will enhance the cross section by a factor of
Rg
2 , where Rg is evaluated at x/j51, see Fig. 2~b! or 2~d!.
For x@j we see that the off-diagonal to diagonal ratios,

R, tend to unity, as expected. Moreover, due to the x!2x
antisymmetry property ~8!, we see that the quark singlet van-
ishes as x!0. Also for a flat input gluon, xg(x)! constant
as x!0 ~that is lg50), we see that Rg does not depend on
j at all. The same is true for the quarks, but now when
q(x)! constant, that is when lq521, as seen in the Rq

ns

51 result of Fig. 2~c!.
All the scale dependence of the distributions is hidden in

the Q2 behavior of the powers l(Q2). The position of the
saddle point N5l in the Mellin integral ~10! moves to the
right in the complex N plane as Q2 increases and so the
off-diagonal ‘‘enhancement’’ increases; in other words R in-
creases with Q2. A particular example is the double loga-
rithm approximation when, in the singlet sector, the saddle
point

N5lg~Q2!.A~aS /p!ln~1/x !ln~Q2/Q0
2!. ~28!

In Fig. 2~d! we show the off-diagonal gluon distribution
again, but now using a ~more detailed! linear scale and com-
paring with the diagonal distribution H( x̄ ,0) taken at fixed
x̄52j , so as to avoid the extra x dependence coming from
the diagonal gluon in the denominator of the Rg ratio. This
demonstrates that the extra x dependence is responsible for
the slight decrease observed in Rg of Fig. 2~b! as x!0, and
that the decrease is not due to the behavior of Hg(x ,j).
The behavior of the ratios at x5j are explicitly

R5
H~j ,j!

H~2j ,0 !
5
22l13

Ap

G~l15/2!
G~l131p !

,

where p50 for quarks and p51 for gluons. The ratios are
plotted in Fig. 3 as a function of l . The vertical arrows
shown on the plot indicate the values of lg and lq obtained
from the gluon and sea quark distributions at Q254 and 100
GeV2 of a recent global ~diagonal! parton analysis @9#. The
plot can be used to find the enhancement of the cross section
for the high energy diffractive electroproduction of vector
mesons arising from off-diagonal parton effects. The en-
hancement is given by Rg

2 where Rg is the value of the gluon
ratio at x5j , which is shown in Fig. 3, at the appropriate
scale, that is at the appropriate value of lg(Q2). For in-
stance, for the photoproduction of J/c and Y at the DESY
ep collider HERA the enhancement is about (1.15)2 and

FIG. 2. Predictions at small x and j for the ratio of off-diagonal
@H(x ,j)# to diagonal @Hq( x̄ ,0)5 f q( x̄),Hg( x̄ ,0)5 x̄ f g( x̄)# parton
distributions. The diagonal partons are taken to have the form
x f (x)5Nx2l. Plots ~a!, ~b! and ~c! show the quark singlet, gluon
and quark non-singlet ratios taking x̄5x1j as the argument of the
diagonal partons. Plot ~d! shows the gluon ratio again but versus a
linear scale and with argument x̄52j so as to display the x behav-
ior of Hg(x ,j).

FIG. 3. The off-diagonal to diagonal ratio, R, at small x and j
versus the power l which specifies the x2l behavior of the input
diagonal parton as in Eq. ~21!. Note that the quark singlet ratio has
been divided by 2. The vertical arrows indicate the values of l
found in a global parton analysis @9# at Q254 and 100 GeV2.

SHUVAEV, GOLEC-BIERNAT, MARTIN, AND RYSKIN PHYSICAL REVIEW D 60 014015

014015-4

where xg(x) ~(1/x)λ



Implications for gluon nPDF at small x 
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•  Taking nucleus/proton ratio, one might hope that most corrections cancel and 
SPb represents gluon shadowing at LO with small correction due to different 
skewness for nucleus and proton GPDs:

•  One needs to check further (LO and NLO): 
- cancellation of GPD/PDF connection in ratio SPb 
- to what extent corrections beyond collinear approximation cancel in SPb 
- useful guide to estimate the magnitude of these corrections is provided by the 
dipole model, Frankfurt, Koepf, Strikman 1996,1998

S(W�p) =

"
��Pb!J/ Pb

�IA
�Pb!J/ Pb

#1/2

= A/N
GA(x, µ2)

AGN (x, µ2)
= A/NRg

kA/N=RA/RN

•Open questions: 
- relativistic corrections to J/𝜓 distribution amplitude 
- resummation to reduce the large scale dependence at NLO 
- connection between collinear factorization (GPDs) and kT factorization/dipole 
models; leading twist vs. all-twist nuclear shadowing
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Imaging of nuclear gluons at small x   

!12

• In case of large nuclear shadowing, 𝛾A → J/𝜓A cross section should be generalized: 

d��A!J/ A

dt
=

d��p!J/ p(t = 0)

dt

✓
Rg,A

Rg,p

◆2 ✓ gA(x, µ2)

Agp(x, µ2)

◆2

F 2
A(t)

<latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit><latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit><latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit><latexit sha1_base64="YoF3nf3+2feIby3U9/NFIVxGwlc="></latexit>

d��A!J/ A

dt
=

d��p!J/ p(t = 0)

dt

✓
Rg,A

Rg,p

◆2 ✓gA(x, t, µ2)

Agp(x, µ2)

◆2

<latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit><latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit><latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit><latexit sha1_base64="uZERI/BG9336FNMJJA0UMy68BtE="></latexit>

• Answer in terms of nuclear GPD in the x1=x2 limit → FT → impact-parameter-
dependent nPDF fj/A(x,Q02,b), Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

Author's personal copy

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 309

Fig. 39. The A dependence of nuclear shadowing. The points (squares for x = 10�4 and open circles for x = 10�3) are the results of our calculations for
fj/A(x,Q 2)/[Afj/N (x,Q 2)] for 12C, 40Ca, 110Pd, and 208Pb; the smooth curves is a two-parameter fit of Eq. (128).

5.5. Impact parameter dependent nuclear PDFs

Predictions of the leading twist theory of nuclear shadowing for nPDFs can be readily generalized to predict the depen-
dence of nuclear PDFs on the impact parameter b. The impact parameter dependent nPDFs, fj/A(x,Q 2, b), can be introduced
by the following relation [75]:

Z
d2Ebfj/A(x,Q 2, b) = fj/A(x,Q 2). (129)

Removing the integration over the impact parameter Eb in our master Eq. (64), one immediately obtains the nuclear PDFs as
functions of x and b:

xfj/A(x,Q 2
0 , b) = A TA(b)xfj/N(x,Q 2
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j
soft(x,Q

2
0 )

R z2
z1 dz0⇢A(Eb,z0), (130)

where TA(b) =
R

1

�1
dz⇢A(Eb, z). Note that the presence of the factor TA(b) in Eq. (130) is required by the condition of Eq. (129).

The impact parameter dependent nPDFs, fj/A(x,Q 2, b), have the meaning of the probability to find parton j at the impact pa-
rameter b at the resolution scale Q 2. In deriving Eq. (130) the finite size of the nucleon was neglected as compared to the
nucleus size.

As wewill discuss in Section 6.2, our impact parameter dependent nuclear PDFs are nothing else but the diagonal nuclear
generalized parton distributions,

fj/A(x,Q 2, b) = Hj
A(x, ⇠ = 0, b,Q 2). (131)

Let us now discuss the spatial image of nuclear shadowing. This can be done by considering the ratio Rj(x, b,Q 2):

Rj(x, b,Q 2) =
fj/A(x,Q 2, b)

A TA(b)fj/N(x,Q 2)
=

Hj
A(x, ⇠ = 0, b,Q 2)

A TA(b)fj/N(x,Q 2)
. (132)

The ratio Rj(x, b,Q 2) of Eq. (132) for 40Ca (upper green surfaces) and 208Pb (lower red surfaces) as a function of x and |Eb| is
presented in Fig. 40. The top panel corresponds to ū quarks; the bottom panel corresponds to gluons. All surfaces correspond
to Q 2 = 4 GeV2 and to model FGS10_H of nuclear shadowing (see the previous discussion). Note that in the absence of
nuclear shadowing, Rj(x, b,Q 2) = 1.

Several features of Fig. 40 deserve a discussion. First, as one can see from Fig. 40, the amount of nuclear shadowing – the
suppression of Rj(x, b,Q 2) compared to unity – increases as one decreases x and b. Second, nuclear shadowing for gluons
is larger than for quarks. Third, nuclear shadowing induces non-trivial correlations between x and b in the nuclear GPD

• b-dependent nPDFs predicted in leading twist nuclear shadowing model, Frankfurt, Guzey, 
Strikman, Phys. Rept. 512 (2012) 255, and also fitted in EPS09s nPDFs, Helenius, Honkanen, Salgado, JHEP 
1207 (2012) 073.
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• Correlations between impact parameter b and x (shadowing is stronger in 
nucleus center) → shift of t-dependence of 𝛾A → J/𝜓A cross section in UPCs:                                 
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FIG. 1. The dσγA→V A(Wγp)/dt cross section for ρ (upper panel)
and J/ψ (lower panel) for 208Pb normalized to its value at t = tmin

as a function of |t |. The cross sections are calculated at Wγp = 62
GeV for ρ and Wγp = 124 GeV for J/ψ , corresponding to the LHC
Run 2

√
sNN = 5.02 TeV and y = 0. The resulting t dependence is

compared with that given by the normalized nuclear form factor
squared |FA(t)/A|2. For the ρ meson, we also show the result of the
calculation at Wγp = 10 GeV corresponding to the RHIC kinematics
(the green dashed line labeled “RHIC”).

For the t dependence of the elementary γp → J/ψp cross260

section, we use the following simple exponential form:261

dσγp→J/ψp(Wγp)
dt

= dσγp→J/ψp(t = 0)
dt

eBJ/ψ t , (12)

where BJ/ψ (Wγp) = 4.5 + 0.4 ln(Wγp/90 GeV), which de-262

scribes well the HERA data on the t dependence of the263

cross section of J/ψ photoproduction on the proton; see, e.g.,264

Ref. [12].265

III. RESULTS AND DISCUSSION266

Figure 1 shows our results for the dσγA→V A(Wγp)/dt cross267

section for ρ (upper panel) and J/ψ (lower panel) coherent268

photoproduction on 208Pb as a function of |t |. The cross269

sections are normalized to their values at t = tmin, where270

tmin = −m2
NM4

ρ/W 4
γp, and are evaluated at Wγp = 62 GeV for271

ρ and Wγp = 124 GeV for J/ψ , which corresponds to y = 0272

for Pb-Pb UPCs at
√

sNN = 5.02 TeV. In the upper panel, the273

red solid curve labeled “mVMD-GGM” corresponds to Eq. (3).274

In the lower panel, the red solid curve labeled “LTA” shows the275

result of Eq. (9) calculated with the lower value of σ3, which 276

corresponds to the upper limit on the shadowing effect for J/ψ 277

photoproduction. For reference, we also show the normalized 278

nuclear form factor squared obtained by using the nucleon 279

density of 208Pb of Ref. [41] [the blue dot-dashed curve labeled 280

“|FA(t)/A|2”]. In the ρ-meson case, we also show the result of 281

the calculation at Wγp = 10 GeV corresponding to the RHIC 282

kinematics (the green dashed line labeled “RHIC”). One can 283

see that the normalized momentum-transfer distribution is a 284

weak function of Wγp between the RHIC and LHC energies. 285

One can see from the figure that nuclear shadowing 286

modifies the t dependence of dσγA→V A(Wγp)/dt by shifting 287

the positions of the diffractive minima and maxima towards 288

smaller values of |t |. For instance, the shift of the first minimum 289

is %pt ≈ 18 MeV for ρ and %pt ≈ 14 MeV for J/ψ . Note that, 290

in the ρ-meson case, the predicted t dependence very weakly 291

depends on details of the model of cross-section fluctuations. 292

In the J/ψ case, the effect of cross-section fluctuations is 293

implicit in Eq. (9) and the %pt shift depends on the value of the 294

average σ3 cross section, which has a significant uncertainty 295

and constrained to lie in the σ3 = 26–45 mb interval. The 296

result of the calculation with the lower value of σ3, which 297

corresponds to the scenario with the larger gluon shadowing in 298

the leading twist model of nuclear shadowing [36], is presented 299

in Fig. 1. For the larger value of σ3 and the correspondingly 300

smaller gluon shadowing, the modification of the t distribution 301

of dσγA→J/ψA(Wγp)/dt compared with |FA(t)/A|2 is smaller; 302

the corresponding shift is %pt ≈ 6 MeV. 303

The shift of the t dependence of the dσγA→V A(Wγp)/dt 304

cross section shown in Fig. 1 can be interpreted as an increase 305

(broadening) in the impact-parameter space of the nucleon 306

density in nuclei in the case of ρ and the nuclear gluon 307

distribution in the case of J/ψ . Characterizing the average 308

transverse size of these distributions by the equivalent radius 309

of RA, one can estimate the relative increase of RA as 310

%RA/RA ≈ %pt/pt , which gives %RA/RA ≈ 1.14 for ρ and 311

%RA/RA ≈ 1.05–1.11 for J/ψ . The latter estimate agrees 312

with the results of the analysis of the average transverse size 313

of the nuclear gluon distribution of Ref. [36]. The transverse 314

broadening of the nuclear gluon and sea quark distributions 315

caused by nuclear shadowing can also be studied in other 316

exclusive processes such as, e.g., deeply virtual Compton 317

scattering, where it leads to dramatic oscillations of the 318

beam-spin cross-section asymmetry [36]. 319

Figure 2 shows our predictions for dσAA→ρA′A(y = 320

0)/dydt as a function of |t | (top panel) and dσAA→ρA′A(y = 321

0)/dydpt as a function of pt (bottom panel) for Pb-Pb UPCs 322

at
√

sNN = 5.02 TeV for Run 2 at the LHC (A′ denotes both 323

coherent A′ = A and incoherent A′ ̸= A cases). The blue 324

dot-dashed and black dotted curves give the coherent [Eqs. (1) 325

and (3)] and incoherent [Eq. (4)] contributions, respectively; 326

the red solid curve is the sum of the coherent and incoherent 327

terms. One can see from the figure that, although the incoherent 328

contribution partially fills in the first diffractive minimum in 329

the t dependence, the minimum still remains visible and its 330

position as a function of |t | or pt is unaffected. 331

The differential dσAA→J/ψA′A(y = 0)/dydt cross section 332

for J/ψ photoproduction is shown in Fig. 3. The upper panel 333

corresponds to the calculations with the higher leading twist 334

005200-4

• Resulting shift = 5-11% broadening in impact parameter space of gluon nPDF 

• Similar effect is predicted to be caused by saturation, Cisek, Schafer, Szczurek, PRC86 (2012) 
014905; Lappi, Mäntysaari, PRC 87 (2013) 032201; Toll, Ullrich, PRC87 (2013) 024913; Goncalves, Navarra, Spiering, 
arXiv:1701.04340   

• Oscillations of beam-spin nuclear DVCS asymmetry at EIC and LHeC.

Guzey, Strikman, Zhalov, 
PRC 95 (2017) 025204
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l Small-x nPDFs — especially gluon nPDFs — are poorly constrained by 
available fixed-target nuclear DIS and pA LHC data. Additional processes and 
Run 2 data may help. 
l Photoproduction of J/𝜓 in Pb-Pb UPCs at the LHC gives direct evidence of 
large gluon nuclear shadowing Rg(x=0.001, µ2 ≈ 3 GeV2) =0.6. 
  
l Theoretical challenge and open question: include UPC data on exclusive J/𝜓 
in global QCD fits of nPDFs. 

l Heavy quarkonia photoproduction in UPCs gives access to transverse 
imaging of (nuclear) gluon distribution at small x.

Summary


